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(54) Rheometer 1or rapidly measuring small quantity samples 



(S7) The present invention relates to a miniature rh- 
eometer, a parallel rheometer, and improved force sen- 
sor elements which may advantageously be used in 
combination with the miniature rheometer and the par- 
allel rheometer. The miniature rheometer is adapted to 
determine rheological characteristics of materials which 
are provided in the form of small quantity samples. The 
miniature rheometer comprises an actuating element, a 
sensing element and a feedback circuit to provide rebal- 
ance of the shear force applied by the sample to the 
sensing element, which insures an exceptional stiffness 
in determining the shear strain so as to allow measure- 
ments of high accuracy. The parallel rheometer of the 
present invention allows simultaneous measurements 
of a plurality of samples so as to allow of a plurality of 
samples within a short time period. The force sensor el- 
ement according to the present invention allows simul- 
taneous measurement of a shear force and a norma! 
force applied to the sensor element. Moreover, a rhe- 
ometer is provided which comprises a force sensor 
based on stress-optic material. 
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Description 

TECHNICAL FIELD 

[0001] The present invention relates to apparatus and 
methods for measuring physical properties of samples 
when subjected to an external shear force. 

BACKGROUND 

[0002] Producing materials having specific required 
properties is steadily gaining in importance and, hence, 
the field of combinatorial chemistry, which generally re- 
fers to methods for creating collections of diverse ma- 
terials or compounds, commonly known as libraries, is 
steadily increasing and has revolutionized the process 
of drug discovery. Combinatorial chemistry enables re- 
searchers to rapidly discover and optimize useful mate- 
rials such as polymers, superconductors, magnetic ma- 
terials, etc. In order to record the various properties of 
the materials obtained by combinatorial chemistry, it is 
necessary to precisely and efficiently determine the 
characteristics of the materials, preferably under vary- 
ing environmental conditions. One important and useful 
characteristic is the behavior of a material, in particular 
of a polymer, when exposed to an externally-applied 
shear force. Instruments for measuring the response of 
fluids to applied shear are generally referred to as rhe- 
ological instruments, which may be subdivided into in- 
dexers and rheometers. Indexers measure a quantity 
which is correlated with the rheological characteristics, 
but which is difficult to analyze in terms of intrinsic ma- 
terial properties. Although indexers can be assembled 
rapidly from commercially available components, the re- 
sults of measurements carried out by means of such in- 
dexers are difficult to relate to results of measurements 
from other indexers, or to intrinsic material properties, 
without extensive calibration. 

[0003] Rheometers, on the other hand, measure in- 
trinsic material characteristics, giving them broad appli- 
cability. Such generality, however, comes at a price due 
to design costs and complexity which are dictated pri- 
marily by the need for well-defined static and dynamic 
test conditions. Moreover, these known rheometers re- 
quire fairly large quantities of sample in the order of 500 
mg so as to obtain the required accuracy in analyzing 
the samples. Such large quantity samples, however, are 
usually not provided by combinatorial synthesizing 
methods in which, generally, a large amount of differing 
samples of small quantity are produced. 
[0004] Rheological measurements on sample materi- 
als, such as polymeric materials, are performed in their 
simplest geometry such that the sample is placed be- 
tween two parallel plates of a design area separated by 
a gap of known distance, wherein the sample is sheared 
by applying a force to one of the plates while keeping 
the other plate fixed. This results in a displacement, i.e. 
a deformation of the sample confined between the 



plates, which can be characterized in terms of the shear 
stress and the shear strain. From these quantities and 
the dimensions of the sample, a shear modulus may be 
calculated. In general, the shear modulus is a function 

5 of the sample history, the shear strain and the strain rate. 
For polymeric materials, the temporal dependence of 
the shear modulus at constant stress typically exhibits 
four different regimes reflecting different relaxation 
mechanisms available to the polymer chain. 

10 [0005] For sufficiently small deformations, most poly- 
mers exhibit linear viscoelastic behavior in which the 
shear modulus is independent of the shear strain. The- 
ories of polymer dynamics generally explain the re- 
sponse of a chain in terms of normal modes, each hav- 

15 ing a characteristic frequency. The linear viscoelastic 
theory gives, then : the response of the material as a 
function of shear history. In measuring the mechanical 
property of a sample material, the sample is subjected 
to a varying force, e.g. a sinusoidal-varying force, and 

20 the resulting deformation, i.e. the response of the sam- 
ple is observed. The frequency response of the sample 
may then be analyzed in accordance with viscoelastic 
theories to obtain information on the required character- 
istic of the material. 

25 [0006] In order to perform these measurements with 
a high degree of accuracy, the rheological apparatus 
must be capable of producing a well-defined displace- 
ment within a specified frequency range. Additionally, 
since each frequency corresponds to probing the re- 

30 sponse of the sample material at a particular relaxation 
time, such measurements take a relatively long time pe- 
riod when the relaxation mechanism of the samples re- 
quires the employment of low frequencies. Hence, 
measuring a plurality of samples which may be pro- 

35 duced by combinatorial chemistry is a very time-con- 
suming and therefore very expensive procedure. 
[0007] Moreover, the performance of accurate meas- 
urements requires the application of suitable sensor el- 
ements for detecting the shear stress in the samples. In 

40 order to obtain meaningful experimental results, the 
sensor elements have to be suitably designed so as to 
reflect the response of the sample to the applied shear 
strain without any interference or at least minor interfer- 
ence of the sensor element. 

45 [0008] In view of the above-mentioned problems, it is 
an object of the present invention to provide apparatus 
and methods for rheological measurements which are 
capable of producing reliable measurement results for 
a plurality of small quantity samples within a short time 

50 period. 

SUMMARY OF THE INVENTION 

[0009] According to one aspect of the present inven- 
55 tion, there is provided a miniature rheometer for analyz- 
ing a small quantity sample of a material of interest, 
wherein the rheometer comprises a first plate and a sec- 
ond plate, forming a pair of plates having a known ge- 
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ometry for confining the sample between the plates, said 
sample having a volume of 200 microliters or less: an 
adjusting device for adjusting the separation of the 
plates; an actuating element mechanically coupled to 
the first plate, which produces a shear strain within the 
sample by generating a defined small-scale relative mo- 
tion of the first and second plates: a sensing element 
which outputs a position signal indicative for a displace- 
ment of at least one of the first and second plates ; and 
a feedback circuit for providing force rebalance of the 
force, applied to the sample by the small-scale relative 
motion of the first and second plates, on the basis of the 
position signal, wherein an amount of force rebalance 
is a measure for the stress within the sample. 
[0010] The miniature rheometer according to the 
present invention is suitably adapted to characterize 
combinatorial materials. In contrast to known instru- 
ments which generally require large sample volumes, 
typically 10-100 times the quantity produced by current 
combinatorial synthetic approaches, the present inven- 
tion merely requires sample quantities having a volume 
of 200 microliters or less : or preferably 1 0 - 50 microlit- 
ers., which are easily obtained by combinatorial synthe- 
sizing methods. Since measurements on such small 
sample volumes requires an accurate response of the 
rheometer on a corresponding small length scale, the 
present invention provides a sensing element and a 
feedback circuit which provide for force rebalance of the 
force that is applied to the sample in order to avoid the 
undesired inherent displacement of conventional force 
sensor elements due to shear forces exerted by the 
sample on the force sensor. Accordingly, the force bal- 
ance may be controlled such that the present miniature 
rheometer exhibits an extremely high effective stiffness 
with respect to the sample, which in turn insures accu- 
rate measurement results, even at very small displace- 
ments. 

[0011] In further embodiments, the position signal 
which is input into the feedback circuitry so as to adjust 
the force rebalance is obtained from the sensing ele- 
ment which may comprise a deformation-sensing ele- 
ment, a encoder means, or any other appropriate means 
suitable to determine the location of the plates with a 
spatial resolution that is substantially smallerthan a min- 
imal displacement of the plates as required for the de- 
sired measurement accuracy. The rheometer may com- 
prise a sensor-actuating element that is mechanically 
coupled to the second plate so as to maintain the second 
plate at a predefined position upon reception of a driving 
signal from the feedback circuit. Alternatively, the actu- 
ating element may be driven from the feedback circuit 
such that the first plate maintains a desired displace- 
ment, wherein the second plate may be a fixed plate or 
may be kept at a fixed position. 

[0012] In a further embodiment the actuating element 
used as a shear strain producing means comprises a 
piezo-electric actuator so as to produce the small-scale 
relative motion. This allows the miniature rheometer to 
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create small relative displacements of the plates while 
insuring easy control and configuration of the actuator. 
[001 3] In a further embodiment the plates are dispos- 
able plates. The employment of disposable plates may 

s considerably facilitate sample preparation and sample 
replacement after completion of a measurement run. 
[0014] Advantageously, the deformation sensing ele- 
ment is coupled to the actuating element or the sensor- 
actuating element or to both and detects a deformation 

io of at least a portion of the respective actuating element. 
The deformation sensing element measures the amount 
of deformation generated by the shear force applied to 
the sample. In this manner, the signal from the deforma- 
tion sensing element may either be directly used as a 

15 measure for the shear force, or it may be supplied to the 
feedback circuit which adjusts the force exerted on the 
deformation sensing element by the actuating element 
or the sensor-actuating element so as to return the de- 
formation sensing element to a predefined location, e. 

20 g. the undeflected state of the deformation sensing ele- 
ment. 

[001 5] In a further embodiment two or more miniature 
rheometers may be arranged so as to form a parallel 
rheometer for simultaneously measuring two or more 
25 small quantity samples. To this purpose, a common con- 
trol unit is provided which controls the shear strain pro- 
ducing means and the force sensors of the two or more 
miniature rheometers. 

[0016] According to a second aspect of the present 
30 invention, there is provided a parallel rheometer for si- 
multaneously analyzing material characteristics of two 
or more samples, wherein the parallel rheometer com- 
prises first and second plates respectively having re- 
gions for receiving and confining said two or more sam- 
35 pies, the first and second plates being moveable relative 
to each other; an actuator adapted to move the first and 
second plates relatively to each other for producing a 
shear strain within each sample; and at least one sensor 
associated with each region for simultaneously detect- 
40 jng shear stress within each sample. 

[0017] As previously stated, standard rheological 
measurements often characterize materials according 
to their frequency response to an applied oscillatory 
shear force. Here, the frequencies of interest set the 
45 minimum measurement time required, which is typically 
three or four times the reciprocal of the frequency. Thus, 
by allowing the simultaneous measurement of a large 
number of samples by means of a parallel rheometer 
according to the present invention, a quick screening of 
50 a plurality of material samples (such as those produced 
by combinatorial synthetic approaches) is feasible. 
Moreover, according to the present invention, the mini- 
mum sample volume may be kept smallerthan in known 
single-channel rheometers so as to permit measure- 
55 ments as a function of environmental conditions to use 
much faster condition change rates than are possible 
with large samples. To this end, the parallel rheometer 
as well as the miniature rheometer may comprise 
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means for applying varying environmental conditions. 
Preferably, the environmental conditions to be varied, 
individually or simultaneously in any combination, at 
least include temperature, pressure at a fixed gas com- 
position, composition of a gas atmosphere surrounding 
the sample, electric field, magnetic field, and time of ap- 
plication of one or more of the preceding quantities when 
adjusted to respective predetermined values. The 
means may be designed so as to allow the variation of 
the environmental conditions individually for each sam- 
ple and/or simultaneously for a group of samples. 
[0018] In a further embodiment, the shear stress de- 
tector comprises a micromachined sensor element at 
each sample position. This allows mass production of 
nearly identical sensor elements at low cost, wherein the 
required sample volume may easily be maintained rel- 
atively small due to the reduced sensor mass and in- 
creased sensitivity provided by micromachined devices. 
[0019] According to a third aspect of the present in- 
vention, there is provided a rheometer, comprising: 
a pair of plates spaced apart from each other by a de- 
fined distance for receiving and confining a sample ther- 
ebetween, an adjusting means which adjusts the dis- 
tance between the plates, a driving means coupled to 
at least one of the plates, which generates a relative mo- 
tion between the plates without changing the distance, 
and a shear stress sensor, the shear stress sensor com- 
prising a stress-sensing material of a defined stress-op- 
tic coefficient indicating one of birefringence and retar- 
dation of linearly polarized light passing the stress-sens- 
ing material, as a function of applied stress/unit path 
length. 

[0020] The shear stress detector comprises a stress- 
optical sensor element which is insensitive to electric 
and magnetic fields, and thus allows to analyze samples 
within such fields without creating electrical noise. 
[0021] According to a fourth aspect of the present in- 
vention, there is provided a sensor element for output- 
ting a signal in response to a mechanical deformation 
applied to the sensor element, wherein the sensor ele- 
ment comprises: a sample plate arranged within an 
opening of a substrate; at least two tethers, one of each 
tether being attached to the sample plate, the other end 
of each tether being attached to the substrate so as to 
support the sample plate; a piezo-resistive portion in 
each of the tethers; and a wiring line formed on the teth- 
ers and the substrate, connecting each piezo-resistive 
portion with a corresponding contact pad formed on the 
substrate, wherein the piezo-resistive portion of one of 
said at least two tethers is adapted to generate a max- 
imum change of its internal resistance when a shear 
force is applied to the sample plate, and wherein the pi- 
ezo-resistive portion of the other one of said at least two 
tethers is adapted to generate a maximum change of its 
internal resistance when a force normal to the sample 
plate is applied. 

[0022] As is generally known, shearing a viscoelastic 
material also generates a force along the shear gradient 



direction. Such forces are potentially of either sign and 
can be comparable in magnitude to the shear force. 
They can strongly affect the macroscopic flow proper- 
ties of a material. At a minimum, rheometers must be 
5 sufficiently stiff in the shear gradient direction so that 
shear actuation results in as near a pure shear field as 
possible, and that any strain determination measures 
only the shear strain. By means of the sensor element 
provided according to the third aspect of the present in- 
10 vention. a shear force and a normal force applied to a 
sample can be detected simultaneously. This improves 
the accuracy of the measurement results due to sepa- 
ration of the total instrumental response into shear and 
normal force components and provides a more compre- 
ss hensive picture of the response of the sample to applied 
shear. 

[0023] This sensor element is particularly advanta- 
geous when used in combination with the above parallel 

rheometer. 

20 [0024] Further advantages and objects of the present 
invention follow from the dependent claims and the de- 
tailed description of the preferred embodiments 

BRIEF DESCRIPTION OF THE DRAWINGS 

25 

[0025] Fig. 1 is a schematic perspective view of a 
translational embodiment of the miniature rheometer 
according to the present invention. 
[0026] Figs. 2a-2c are schematic top views of actuator 
30 elements shown in Fig. 1 . 

[0027] Fig. 3 is a schematic perspective view of a ro- 
tational embodiment of the miniature rheometer accord- 
ing to the present invention. 

[0028] Fig. 4 is a schematic top view of an actuator 
35 element as shown in Fig. 3. 

[0029] Fig. 5 is a schematic top view of a force sensor 
which may be used in the rotational embodiment as 
shown in Fig. 3. 

[0030] Fig. 6 is a schematic top view of a further force 
40 sensor, which may be used with the rotational embodi- 
ment as shown in Fig. 3. 

[0031] Fig. 7 is a schematic side view of an individual 
measurement element of a translational embodiment of 
the parallel rheometer using micromachined sensor el- 
45 ements. 

[0032] Fig. 8 is a schematic top view of the individual 
measurement element of the translational embodiment 
of the parallel rheometer as shown in Fig. 7. 
[0033] Fig. 9 is a schematic perspective of a rotational 
so embodiment of the parallel rheometer according to the 
present invention. 

[0034] Fig. 10 is a schematic perspective view of an 
optical shear force sensing element which may be used 
in the parallel rheometer according to the present inven- 
55 tion. 

[0035] Fig. 11 respectively shows a further arrange- 
ment for optically detecting the shear force within a sam- 
ple in a parallel rheometer according to the present in- 
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vention. 

[0036] Fig. 12 schematically shows the structure of a 
sensor element which allows the simultaneous measur- 
ing of a shear force and a normal force applied to a sam- 
ple, wherein the sensor element is preferably useable 
in a parallel rheometer according to the present inven- 
tion. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0037] With reference to Figs. 1 and 2. a translational 
embodiment, i.e. an embodiment that produces a trans- 
lational displacement between a top surface and a bot- 
tom surface of a sample, of the miniature rheometer ac- 
cording to the present invention will now be described 
in detail. 

[0038] In Fig. 1 , merely a portion of the translational 
embodiment of the miniature rheometer of the present 
invention is shown. A moving plate 100 is mounted on 
a shaft 101. Another plate 102, which will also be re- 
ferred to as the "fixed plate" even though this plate may 
be movable, is arranged parallel to the moving plate 
100. Plates 100 and 102 have surfaces which are ar- 
ranged in an opposed relationship so as to be parallel 
to each other. The geometrical structure as well as the 
dimensions of the respective surfaces are selected so 
as to result in a desired configuration. Although the 
plates 1 00 and 1 02 are shown as circular elements, any 
other geometrical structure, such as squares or rectan- 
gles, etc., may be used for the surfaces of plates 100 
and 1 02. Plate 1 02 is also mounted on a shaft 1 03. Pref- 
erably, the shafts 1 01 and 1 03 are made of a rigid, ther- 
mally insulating material. However, any appropriate ma- 
terial may be used, and in some cases electrical and/or 
thermal conductivity of portions of the shaft 1 01 and 1 03 
may be desirable. Shaft 101 is attached to an actuating 
element 104, which comprises a metal foil 105 which is 
of a rectangular shape. On at least one side of the metal 
foil 1 05, a plate of piezoelectric material 1 06 is attached. 
In this embodiment two piezoelectric plates 106 are 
used with the metal foil 1 05, however, it is also possible 
to use merely one piezoelectric plate on one surface of 
the metal foil 105. Moreover, two or more piezoelectric 
plates may be used in accordance with design require- 
ments. Actuating element 104 is attached to shaft 101 , 
preferably in a non-permanent manner, e.g. by providing 
a slit for receiving the actuating element 104. This per- 
mits the use of disposable plates, which in turn facilitates 
measurements of samples that are difficult to remove 
from the plates. The actuating element 1 04 is further at- 
tached to a mechanical assembly, which may be provid- 
ed in the form of clamping blocks 1 07 which comprise 
slits for receiving end portions of the actuating element 
104. A wiring assembly for applying a voltage to the pi- 
ezoelectric plates 1 06 is also provided, but is not shown 
in Fig. 1 . Depending on the crystallographic orientation 
of the piezoelectric plates 1 06, metal foil 1 05 may serve 



as a common electrode for applying a desired voltage 
to the plates 106. Alternatively, metal foil 105 may be 
covered by a thin, electrically-insulating layer on the 
middle portion, where the piezoelectric plates 1 06 cover 

5 the metal foil so that a voltage may be applied to the 
piezoelectric plates 1 06 by means of the electrically con- 
ductive end portions of the metal foil 105, which are 
clamped in place by a clamping blocks 107, which then 
preferably may be made of an electrically conductive 

10 material so as to serve as electrodes. 

[0039] In this embodiment, the assembly regarding 
the fixed plate 102 is identical to the structure referring 
to moving plate 100, i.e. shaft 103 is attached to an ac- 
tuating element 108 comprising a metal foil 109 with pi- 

*5 ezoelectric plates 110 on either side. Clamping blocks 
1 1 1 are provided in order to clamp the actuating element 
1 08 in place. Regarding electrical connections to the pi- 
ezoelectric plates 110, the wiring is configured in an 
analogous manner as previously described with refer- 

20 ence to plates 106. 

[0040] Fig. 2a is a schematic top view of the actuating 
element 104 or of the actuating element 108 of Fig. 1. 
For the sake of clarity only, the reference signs regard- 
ing actuating element 1 04 are shown. As the piezoelec- 

25 trie plates 1 06 are made of a piezoelectric material, the 
plates 106 will undergo dimensional changes in re- 
sponse to an applied electric field. In Fig. 2a, the piezo- 
electric plates 106 are arranged such that the applica- 
tion of a voltage of known polarity will cause an expan- 
se? sion of the upper one of the piezoelectric plates 106 
along a longitudinal axis and application of the reverse 
voltage to the lower piezoelectric plates will cause acon- 
traction of the this plate along the longitudinal axis as 
indicated by corresponding arrows in the figure. 

35 [0041] Fig. 2b shows the actuating element 104 in the 
state when a voltage is applied. 

[0042] Fig. 2b schematically shows the bent actuating 
element 104, when the end portions thereof are 
clamped in place by the clamping blocks 107. The ap- 

40 plication of a voltage to the clamped actuating element 
1 04 produces a quadruple bend that is symmetric about 
the center portion of the actuating element. Reversing 
this voltage reverses the bend. Application of an alter- 
nating voltage to the actuating element 104 therefore 

45 results in reciprocating linear translation of thecenter of 
the actuating elements as is indicated by arrow 112. 
[0043] In operation, a sample of a material of interest, 
preferably a material produced by combinatorial syn- 
thetic approaches, is disposed in the gap between the 

50 moving plate 100 and the fixed plate 102. In order to 
obtain well-defined experimental conditions, means 
may be provided to remove excess sample material, 
which may have accumulated during sample loading, 
from the edges of the plates. This is typically accom- 

55 plished by providing a sharpened punch which trans- 
lates and/or rotates along the plate edges so as to cut 
away excess material which extends beyond the edges 
of the plates. After having arranged the samples, which 
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can be prepared by molding or otherwise forming sam- 
ples to the dimensions of the plates 100 and 102. the 
plates 100 and 102 are translated so as to be brought 
into contact with the formed sample. For this purpose, 
means are used which is not shown in the figures, but. 
which may. as the person skilled in the art will readily 
appreciate, be any appropriate mechanical assembly 
used in this field for translating the plates along a line 
normal to the opposing surfaces of the plates, so as to 
correctly adjust and define the distance of the gap. Al- 
ternatively, material may be placed on one plate and the 
other plate may be translated to a defined relative gap 
distance in orderto mold specimens of known thickness. 
In this case, excess sample material is removed as pre- 
viously pointed out. 

[0044] Next, a defined voltage is applied to the actu- 
ating element 1 04, preferably an alternating voltage with 
known rate and amplitude, so as to achieve a desired 
displacement of the middle portion of the actuating ele- 
ment 1 04 : as has been explained with reference to Figs. 
2. Thus, plate 1 00 which is coupled to the middle portion 
of the actuating element 104 by the rigid shaft 101 is 
also reciprocally displaced. 

[0045] As previously mentioned, the actuating ele- 
ment 108 may be constructed in the same way as the 
actuating element 104. In this embodiment, the actuat- 
ing element 108 serves as a force sensor detecting the 
force which is required to hold plate 102 in place. For 
this purpose, preferably one of the piezoelectric plates 
109 acts as an actuating element, whereas the other 
one of the piezoelectric plates 109 serves as a defor- 
mation sensor element. As can be readily appreciated, 
both piezoelectric plates 1 09 may serve as an actuating 
element and an additional deformation sensor element. 
The deformation sensor element may be a piezoelectric 
plate or a conventional mechanical deformation sensor, 
such as a strain gage, attached to actuating element 
1 08. The middle portion of actuating element 1 08 will be 
displaced in response to the shear force applied to the 
sample confined between the plates 100 and 102. This 
displacement is detected by one of the piezoelectric 
plates 109 or, alternatively, by an additionally applied 
deformation sensing element, and is output as an elec- 
trical signal to a feedback circuitry which is not shown 
in the figures. The feedback circuitry, in turn, will supply 
a voltage to the piezoelectric plate 1 09 which serves as 
an actuating element, so as to generate a force which 
opposes the shear force applied by the sample to the 
plate 102. Accordingly, the feedback circuitry may be 
controlled such that the actuating element 1 08, and thus 
the plate 102, may be maintained in an un-deflected 
state or any desired position when an offset voltage is 
added to the voltage supplied to piezoelectric plate 1 09. 
Advantageously, the voltage applied to the piezoelectric 
plate 109, which serves as an actuating element, may 
also serve as an output of the force sensor for determin- 
ing the shear force within the sample. In comparison 
with traditional force sensors, this "force rebalance" sen- 



sor is exceptionally stiff . i.e. the fixed plate 102 remains 
fixed for a wide range of applied shear forces, and hence 
it is possible to accurately determine the shear strain, i. 
e. the difference in the lateral position between the mov- 
5 ing plate 100 and the fixed plate 102 

[0046] The output of the force sensor, i.e. the actuat- 
ing element 108, may then be processed in any desired 
manner, i.e. the voltage obtained from the force sensor 
may be amplified, converted into digital signals, stored 
10 in a corresponding memory, or processed by a micro- 
processor so as to receive required force - displacement 
curves, which can be related to various rheological or 
mechanical characteristics of the sample, wherein the 
dimensions of the plates 1 00 and 1 02 are taken into ac- 
15 count. In a typical application for polymeric materials, 
the moving plate 100 executes sinusoidal varying mo- 
tions with frequencies from 0.01 -1 000 rad/s with an am- 
plitude of, at most, 1% of the spacing between the plates 
100 and 102. The sinusoidally-varying signal is ob- 
20 served at the force sensor, wherein the ratio of force 
waveform amplitude to the displacement waveform am- 
plitude is related to the modulus of the material at that 
frequency. The existence of a difference in phase be- 
tween the force and displacement waveforms implies 
25 that this modulus may be represented as a complex 
quantity. The real part of this complex modulus corre- 
sponds to the "elastic" or "storage" modulus of the vis- 
coelastic material; the imaginary part corresponds to the 
"viscous" or "loss" modulus. 
30 [0047] Although the above embodiment is described 
using the piezoelectric actuator 1 04, it is also possible 
to employ any appropriate means for displacing the 
sample, such as a motorized stage, which then may 
preferably include a second force sensor for determin- 
es ing any force exerted along a line joining the centers of 
the moving plate 100 and the fixed plate 102 when the 
plates are positioned above one another. This type of 
force is usually referred to as normal force. A variety of 
force sensors are suitable for this purpose, in particular 
40 the piezoelectric force sensor as described above. 

[0048] With reference to Figures 3 and 4, a further em- 
bodiment is described which is capable of generating a 
rotational displacement with respect to the surfaces of 
a small quantity sample. 
45 [0049] Figure 3 shows a perspective schematic view 
of a rotational embodiment of the present invention. 
[0050] Between a moving plate 300 and a fixed plate 
302, a small quantity sample of a material to be charac- 
terized may be arranged. Regarding the preparation of 
50 the sample and adjusting the distance between the 
plates 300 and 302 ; the same considerations as given 
with respect to the translational embodiment shown in 
Figure 1 also apply in this case. Moving plate 300 is 
mounted on a shaft 301 which, in turn, holds an actuat- 
55 jng element 304. Actuating element 304 is comprised of 
a metal foil 305 of rectangular shape. Attached to metal 
foil 305 are four piezoelectric plates 306, wherein two of 
the piezoelectric plates 305 are arranged on one surface 
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of the metal foil separated by the shaft 301 and the other 
two of the piezoelectric plates 306 are arranged on the 
other surface of metal foil 305 Thus, respective two of 
piezoelectric plates 306 are arranged in an opposed re- 
lationship with metal foil 305 disposed in-between. The 
metal foil 305 is clamped in place by a mechanical as- 
sembly provided as clamping blocks 307. 
[0051] Fixed plate 302 is mounted on a shaft 303 
which, in turn, is connected to a torque sensor 308 which 
comprises sensor elements 309 that are connected with 
one end portion to the shaft 303, and with the other end 
portion to a support 311 . 

[0052] Figure 4 shows a schematic top view of the ac- 
tuating element 304. Similarly, as already explained with 
reference to Figures 2. two opposing piezoelectric 
plates 306 sandwiching the metal foil 305 are electrically 
connected to a voltage supply in such a way that appli- 
cation of a voltage leads, for example, to an expansion 
of the upper piezoelectric plate and a contraction of the 
lower piezoelectric plate on the right side of Figure 4, 
and the piezoelectric plates 306 on the left side are ac- 
cordingly wired so as to exhibit the inverse behavior. 
Thus, a central axis of the metal foil perpendicularto the 
drawing plane of Figure 4 is subjected to a rotational 
displacement. 

[0053] Figure 5 shows a schematic top view of the 
torque sensor 308. The shaft 303, which may be made 
of a thermally insulating material, is attached, preferably 
in a non-permanent manner so as to permit the use of 
disposable plates, to at least two piezoelectric plates. In 
the present case, however, four piezoelectric plates 309 
are employed and are attached to the surface of the 
shaft 303, such that one end of each piezoelectric plate 
309 is tangential to the surface of the shaft 303. The 
other end of each piezoelectric plate is tethered to the 
rigid support 311 . The crystal structure of plate 309 is 
aligned such that applying a voltage across the plate 
causes the greatest dimensional change along the line 
tangential to the shaft 303. As is shown, the piezoelec- 
tric plates 309 are preferably aligned along opposite 
sides of the shaft 303 so that the net torque resulting 
from application of a voltage across the piezoelectric 
plates does contain a component which would tend to 
rotate the shaft out of its un-energized orientation. 
[0054] The torque sensor 308 further contains a sens- 
ing element, in this case in the form of the -other two of 
the piezoelectric plates 309. The sensing element may, 
however, be any conventional strain gage or piezoelec- 
tric element which generates a signal upon rotation of 
the shaft 303. A feedback circuit which is not shown in 
the Figure monitors this signal and adjusts the voltage 
applied to the piezoelectric plates 309, which act as an 
actuating element, so as rebalance the force applied to 
the shaft 303 and to return the shaft 303 to the un-rotat- 
ed position or any desired position when a correspond- 
ing offset voltage is added to the voltage supplied to the 
piezoelectric plates 309. Advantageously, this voltage 
may also serve as a measure of the torque at the shaft 



303. 

[0055] As in the case of the translational embodiment, 
this design is exceptionally stiff so that the fixed plate 
302 remains fixed for a wide range of supplied shear 

5 forces. Hence, the torque sensor as described above 
permits the shear strain, i.e. the difference in angular 
position between the moving plate 300 and the fixed 
plates 302. to be accurately determined. 
[0056] Figure 6 shows an alternate form of the torque 

io sensor. In this alternative embodiment, the torque sen- 
sor 308 comprises two or more piezoelectric assem- 
blies, each consisting of at least one piezoelectric plate 
319 bounded to a metal foil 315, which are attached to 
the surface of the rigid shaft 303 such that one of the 

is edges of the foil is parallel to the axis of the shaft 303 
and that the other edge of the foil lies along a line per- 
pendicularto the axis of the shaft. The edge of metal foil 
315 opposite the edge in contact with shaft 303 is 
clamped in place by means of the rigid support 311 . In 

20 the embodiment described with reference to "Figure 5, 
applying a voltage to the piezoelectric plates produce 
the expansion or contraction of the assembly along a 
line tangential to the shaft 303, resulting in a torque. In 
this alternative embodiment, applying a voltage to the 

25 piezoelectric assembly comprising the piezoelectric 
plate 319 and metal foil 315 produces the buckling of 
the metal foil 31 .5 and thus the rotation of the "shaft end" 
of the assembly about the "clamped end", also resulting 
in a torque being applied to the shaft 303. In this em- 

30 bodiment, four piezoelectric assemblies, each compris- 
ing a piezoelectric plate and a metal foil are employed. 
As it will be readily appreciated, more than one piezoe- 
lectric plate 319 per piezoelectric assembly may be 
used. Moreover, any number of piezoelectric elements 

35 may be employed, wherein advantageously at least one 
of the piezoelectric assemblies maybe used as a defor- 
mation sensing element in combination with a feedback 
circuit so as to maintain the shaft 303 on its un-rotated 
position, thereby providing an exceptionally stiff torque 
sensor element. 

[0057] Sample preparation and operation of the rota- 
tional embodiment is carried out in a similar way as de- 
scribed with reference to the translational embodiment. 
Although moving plate 300 and fixed plate 302 have 

^5 been described as plates with flat surfaces, any appro- 
priate geometry of the plate surface may be employed. 
For example, one of the plates may consist of a cone of 
known apex angle, which is well-known in the art as 
"cone and plate" geometry. 

50 [0058] Furthermore, as already pointed out with ref- 
erence to the translational embodiment, the shafts 301 
and 303 are preferably made of a rigid, thermally insu- 
lating material so that varying the temperature of the 
sample disposed between the plates 300 and 302 would 

55 not be affected by the shafts 301 and 303 coupled to 
actuating element 304 and torque sensor 308, respec- 
tively. Moreover, the shafts 301 and 303 are preferably 
attached to the actuating element and the sensor ele- 
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ment in a non-permanent manner so as to permit the 
use of disposable plates, thereby increasing the speed 
of sample replacement. 

[0059] In a further variation, which is not shown in the 
figures, the rheometer comprises a first plate that is me- 
chanically coupled to an actuating element such as ac- 
tuating element 104 as previously described with refer- 
ence to Fig. 1 . However, any other appropriate actuating 
element which allows a translational or rotational dis- 
placement between the first and the second plates may 
be used. A sensing element such as a deformation 
sensing element as described with reference to Fig. 1 - 
6 may be employed to output a signal to a feedback cir- 
cuit in response to the displacement of the first plate. 
The feedback circuit, in turn, outputs a voltage to the 
actuating element so as to return the actuating element 
to a predefined position, thereby effecting a force rebal- 
ance of the force applied to a sample confined between 
the first and second plates. The voltage provided to the 
actuating element may serve as an indication for the 
shear stress within the sample. As can readily appreci- 
ated, the second plate can be maintained at a fixed po- 
sition, either by a second actuating element coupled to 
the second plate, or a fixed support holding the second 
plate. While the former alternative provides for the pos- 
sibility to perform measurements as described with ref- 
erence to Fig. 1 - 6 and in a way as described in this 
paragraph, with the same apparatus, the latter alterna- 
tive obviates the necessity for a second actuating ele- 
ment. 

[0060] Moreover, the displacement can be detected 
by any suitable encoder means, such as an optical sen- 
sor, etc. to provide the position signal for the feedback 
circuit. 

Additionally all of the embodiments as described above 
may additionally comprise an environmental chamber 
so as to vary physical properties such as pressure, gas 
composition of an atmosphere surrounding the sample, 
temperature, electric and magnetic fields by providing, 
for example, electrodes and coils providing an electrical 
and magnetic field across the sample, etc. In addition, 
two or more of the above embodiments may be com- 
bined to form a rheometer "array" or a "parallel rheom- 
eter", wherein advantageously a central control unit is 
provided so as to monitor and control the performance 
of individual rheometer elements of the rheometer array. 
Thus, a large number of small quantity samples may be 
characterized within a short time period, wherein the ex- 
ceptionally stiff force sensor elements provide for accu- 
rate measurement results, even for the small scale dis- 
placements required for these samples. 
[0061] Next, with reference to Figures 7-12, a further 
embodiment of a rheometer is described which allows 
simultaneous measuring a plurality of samples. 
[0062] Figure 7 shows a schematic cross-sectional 
side view of an exemplary embodiment of the parallel 
rheometer of the present invention. In Figure 7. a paral- 
lel rheometer 700 comprises a shear plate 701 which 



may contain, at predefined locations, raised regions 702 
of known dimensions. Samples 703 are disposed be- 
tween the shear plate 701 and a fixed plate 704 at the 
predefined regions. In this embodiment, the fixed plate 

5 704 is made of an appropriate substrate carrying corre- 
sponding micromachined sensor elements. However, 
any appropriate fixed plate, preferably made of a rigid 
material such as aluminum or stainless steel, may be 
employed. The shear plate 701 and the fixed plate 704 

io are arranged parallel to one another with typical plate 
separations at the predefined regions of under 1mm. 
With each predefined region, i.e. with each sample, 
there is associated a sensor element 705 in order to de- 
tect a force applied to the sensor element 705 by the 

15 shear plate 701 via the sample 703. Although in Figure 
7 a micromachined silicon force sensor is shown as the 
sensor element 705, any appropriate sensor may be 
employed, including those sensor elements that are de- 
scribed later with reference to Figures 10-12. The sen- 

20 sor element 705 has been micromachined in a silicon 
substrate, however any appropriate material such as sil- 
icon nitride and silicon dioxide may be used for the fixed 
plate 704 and the sensor elements 705. 
[0063] Figure 8 shows a schematic top view of one 

25 rheometer element with the shear plate 701 removed. 
The sample 703 is placed on a rectangular silicon plate 
of the force sensor element 705. The rectangular plate 
is attached to the fixed plate 704, i.e. in this case a sili- 
con substrate, by means of four tethers 706. The tethers 

30 706 are equipped with piezoelectric material or any oth- 
er appropriate means for sensing a deformation of the 
tethers 706. 

[0064] Figure 9 is a schematic perspective view of a 
further embodiment of the parallel rheometer according 

35 to the present invention. In Figure 9, a fixed plate 904 
comprises predefined regions 902 for receiving a sam- 
ple of a material of interest. An array of test fixtures 901 
is movably mounted on a means which is not shown in 
the Figure, so that the test fixtures 901 may be lowered 

40 onto the predefined region 902 and positioned at a 
known distance from the fixed plate 904. The text fix- 
tures 901 acting as actuating elements may have any 
appropriately structured surface so as to define a re- 
quired shape of the actuator-sample contact. In Figure 

4 5 9. a cone-and-plate geometry is shown in which the ac- 
tuator is a cone of a known apex angle. Other ge- 
ometries, however, such as a parallel plate geometry in 
which the actuator is a flat disk parallel to the sample 
surface, may be employed as well. As in the previously- 

50 described embodiment, entrainment of viscous fluids is 
sufficient to keep the samples confined within a column 
capped by the actuator and the raised regions on the 
fixed plate 904. The test fixtures 901 are individually 
coupled to respective motors 910 via respective encod- 

55 ers 911. Advantageously, the predefined regions 902 
contain respective force sensor elements. 
[0065] Again referring to Figures 7 and 8, astrain field 
is generated across each sample by attaching the shear 



8 



15 



EP1 178 298 A2 



16 



plate 701 to a translation stage which is not shown in 
the Figures. This translation stage moves in the plane 
of the plate-sample contact at a controlled rate so as to 
approximate a sinusoidal displacement of a required 
amplitude and frequency. The fixed plate 704 remains 
fixed in position, resulting in a shear field extending 
through each sample. Appropriate translation stages 
providing the required displacement with appropriate 
amplitude and frequency are well-known to those skilled 
in the art. 

[0066] In a further embodiment, a micromachined 
electrostatic drive can be associated with each sample, 
thereby permitting independent control of the strain field 
for each sample for extremely small displacements. 
Such actuators are preferably fabricated from silicon, 
silicon nitride, or any other suitable materials. 
[0067] In the embodiment described with reference to 
Figure 9, the motors 910 are actuated to provide a ro- 
tational displacement which may be provided to the 
samples in the form of a sinusoidal displacement of a 
desired amplitude and frequency or in the form of a con- 
tinuous, i.e. a non-reciprocating shear at a defined shear 
rate. Compared to the translational embodiment de- 
scribed with reference to Figures 7 and 8, the rotational 
embodiment permits measurements under steady, 
shear conditions and can also be configured to operate 
as a controlled stress rheometer, as will be described 
below. 

[0068] The translational embodiment as well as the 
rotational embodiment include a shear stress sensor at 
each sample position. One version of this sensor ele- 
ment is described with reference to Figures 7 and 8 and 
consists of a micromachined silicon rectangle which is 
tethered to the surrounding silicon substrate by four mi- 
cromachined silicon tethers. The surface of the rectan- 
gle lies in the plane of the surrounding silicon surface. 
Applying a shear stress to this rectangle by any of the 
means as described above generates a piezoelectric re- 
sponse in the four silicon tethers which can be detected 
by conventional electronic means such as a resistance 
bridge. Any variations in the geometry of this sensor el- 
ement may be performed so as to permit it to be opti- 
mally used in all of the embodiments described above, 
i.e. the number of tethers, the shape of the silicon plate 
for receiving the sample, the location of the individual 
tethers, etc. may be adapted to the type of displacement 
required. 

[0069] Although the operation of the embodiments of 
the parallel rheometer according to the present inven- 
tion is described by means of a sinusoidal reciprocating 
motion in which, for example, an external processor di- 
rects the translation stage attached to the shear plate 
701 , or individually directs the micromachined electro- 
static actuators, or individually directs the motors 91 0 to 
execute periodic motion in the plane of the plate-sample 
contact, other types of displacement such as triangular 
displacement of known amplitude and frequency, in 
which the strain rate is constant except at the turning 



points of the motion, and a motion which approximates 
a square wave of known amplitude and frequency may 
be employed as well. The raw data obtained from the 
sensor elements consists of the shear stress as a func- 

5 tion of time and may be reduced and/or processed so 
as to yield a single amplitude for the shear stress wave- 
form for each sample, wherein the data processing may 
be performed sequentially as well as in a parallel man- 
ner depending on the computational ability of corre- 

io sponding signal processing means. At any rate, signal 
processing speed is high compared to the mechanical 
time constant involved in the response of the sample so 
that a "quasi"-parallel output of measurement results is 
obtained, even if the sensor signals are sequentially 

*5 processed. 

[0070] It is also possible that the samples are subject- 
ed to a step shear and the resulting strain is determined 
as a function of time. This may be accomplished by pro- 
viding the square wave displacement described above. 

20 Moreover, the embodiments described above may also 
be operated in a controlled stress mode. In this case, 
an external processor directs the actuator, i.e. the shear 
plate 701 , the micromachined actuators, or the motors 
910, to move so as to produce a certain shear stress 

25 within each sample. The displacement required to pro- 
duce this stress is recorded with the aid of appropriate 
means, such as encoders 911 . As before, the raw data 
consists of the displacement as a function of time which 
may be processed in any desired manner. 

30 [0071] In other embodiments, the parallel rheometer 
of this invention preferably includes means for control- 
ling and changing environmental conditions. This may 
be accomplished by mounting the embodiments in a 
temperature-controlled environment <not shown in the 

35 figures), permitting measurements to be made as a 
function of temperature, as a function at one or more 
temperatures, as a function of one or more temperature 
ramp rates, or as a combination of two or more of the 
preceding measurement criteria. In this case, tempera- 
te ture sensing can be provided by a thermocouple, ther- 
mistor or any other appropriate temperature-sensitive 
element attached to the shear plate or the fixed plate. 
Moreover, a thermocouple may be attached to each 
sensor or a standard micromachined resistor may be as- 

45 sociated with each sensor. 

[0072] Moreover, the embodiments of the parallel rh- 
eometer may be mounted in a pressuretight enclosure 
(not shown in the drawings) permitting measurements 
to be made as a function of pressure, as a function of 

50 time at one or more pressures, as a function of pressure 
change rate, or as a combination of two or more of the 
preceding measurement criteria. Preferably, the enclo- 
sure is fitted with a purge valve enabling variation of gas 
composition and permitting measurements to be made 
55 as a function of composition, of time at a given compo- 
sition, as a function of composition change rate, or as a 
combination of two or more of these criteria. 
[0073] Moreover, either the shear or the sample plate 
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may be fitted with one or more or an array of electrodes 
which serve to generate an electric field across each of 
the samples or across the samples as a whole. Meas- 
urements may be made as a function of field amplitude, 
field frequency, the rates of change of these two quan- 5 
tities, time at a given value of these two quantities, or a 
combination of two or more of these criteria. 
[0074] In a further variation, either plate can include 
one or more or an array of coils which generate a mag- 
netic field across each sample. Alternatively, the entire 10 
parallel rheometer may be placed between the poles of 
a large magnet or a pair of Helmholtz coils. In this case, 
the devices surrounding the sample, i.e. the shear plate 
701 and the fixed plate 705 or 904 have to be construct- 
ed of a non-magnetic material in order to avoid eddy cur- '5 
rents associated with the motion of the plates. Again, 
measurements may be made as a function of field am- 
plitude, field frequency, the rates of change of these two 
quantities, time at a given value of these two quantities, 
or a combination of two or more of these criteria. ?o 
[0075] Preferably., in the embodiments having elec- 
trodes or coils generating a magnetic field, a force sen- 
sor element may be employed that is immune to elec- 
tromagnetic noise, such as the sensor elements de- 
scribed below. However, the electronic sensor as de- 25 
scribed above with reference to Figures 7 and 8 may, 
nevertheless, be used as well. 

[0076] Furthermore, in another embodiment, some or 
all of the environmental conditions delineated above 
may be varied simultaneously. 30 
[0077] Next, a variety of force sensor elements are 
described which may be used in a rheometer, such as 
the above-described miniature rheometer and the par- 
allel rheometer of the present invention, or any other ap- 
propriate rheometer known in the art. 35 
[0078] Some of the sensor elements described below 
and referred to as "stress-optic" employ a material with 
a known stress-optic coefficient. This coefficient de- 
scribes the birefringence, or anisotropic retardation of 
linearly-polarized light, of a material as a function of the *o 
applied stress per unit path length. 
[0079] Figure 10 is a schematic perspective view of 
the first embodiment of a stress-optic sensor according 
to the present invention. In Figure 10, an optical fiber 
1 001 is attached to a block of stress-optic material 1 002. 45 
The block 1002 is made of a suitable sensor material, 
including transparent plastics such as polymethyl meth- 
acrylate, suspensions of liquid crystals in a polymeric 
matrix, and certain silica glasses. A fixed plate 1003, 
preferabfy made of a rigid material such as stainless so 
steel or aluminum is attached to the block 1 002 in order 
to receive a sample. Opposed to fiber 1001 is a second 
fiber 1 004 which is optically coupled to a detector ele- 
ment 1005. Fiber 1001 serves as an input fiber and is 
designed as a single mode optical fiber allowing the 55 
propagation of linearly polarized light. Accordingly, only 
linearly polarized light will enter block 1 002, and the po- 
larization direction of the input light will be changed in 
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conformity with the shear force applied to the sample 
which is indicated by the arrow in Figure 10. Preferably, 
optical fiber 1004. acting as an output fiber, is also de- 
signed as a single mode fiber with its polarization direc- 
tion selected such as to be perpendicular to the polari- 
zation direction of the light output by fiber 1001 . Prefer- 
ably, the stress-optic material of block 1002 is prepared 
so as to exhibit zero birefringence in the absence of 
stress. Hence, substantially no light will be output by fib- 
er 1004 and input into detector element 1005 when no 
shear stress is applied to a sample on plate 1003. Ap- 
plication of stress to the sample and thus to the sensor 
element alters the polarization of the light transmitted to 
block 1 002 and produces a measurable signal at detec- 
tor element 1005. The signal increases with increasing 
shear stress applied to the sample. 
[0080] Alternatively, a polarizing element 1006 may 
be used between fiber 1004 and detector element 1005 
when input fiber 1001 and output 1004 are of the same 
type, i.e. have the same polarization direction. Polariz- 
ing element 1006 is oriented such that its polarization 
direction is perpendicular to that of the fibers 1004 and 
1001. 

[0081] In a further alternative, the stress-optic mate- 
rial of block 1002 may be replaced by a short length of 
input fiber 1001 or output fiber 1004. which retards the 
polarization state of the transmitted light beam in re- 
sponse to a shear stress applied to the sample. 
[0082] Figure 11 schematically shows a further em- 
bodiment of a stress-optic sensor element according to 
the present invention. In Figure 11 , a light source 1101 , 
preferably a laser, emits linearly polarized light. The light 
emitted by light source 1101 passes through a half-mir- 
ror 1 1 02 and is input into a multimode fiber 1 1 03. A block 
of stress-optic material 1 1 04 is attached to the other end 
of fiber 1103. The end of block 1104 opposing the fiber 
1 1 03 is provided with a sample plate 1 1 05 which is pref- 
erably made of a rigid material such as stainless steel 
or aluminum and which is capable of reflecting light. 
Above sample plate 1 1 05, a "moving" plate 1 1 06, acting 
as an actuator, is positioned such that a sample 1107 is 
confined between sample plate 1105 and actuator 1106. 
In this embodiment, actuating element 1 1 06 and sample 
plate 1105 exhibit a cone-and-plate geometry, however, 
any other appropriate geometry such as a parallel-plate 
geometry may also be used as previously mentioned. 
Further, in the optical path of light reflected by half-mirror 
1102, a polarizing element 1108 is disposed in front of 
a detector 1109. 

[0083] In operation . light source 1101, such as a laser, 
emits linearly polarized light which passes half-mirror 
1 1 02 and enters optical fiber 1 1 03 which may be a mul- 
timode fiber. The light introduced into optical fiber 1103 
is guided to the stress optic material of block 1104 and 
is reflected by sample plate 1105. The polarization di- 
rection of the light is altered due to a shear force applied 
to the sample 1 1 07 by the actuating element 11 06 which, 
in turn, induces a force in the stress-optic material 1104. 
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The reflected light having the altered polarization direc- 
tion due to its interaction with the stress-optic material 
is partly reflected by hatf-mirror 1 1 02 and directed to po- 
larizing element 1108 whose polarization direction is 
perpendicular to that of light source 1101. Hence, de- 
tector 1 1 09 will detect a light intensity in response to the 
shear force prevailing in the stress-optic material 1104. 
Alternatively, optical fiber 1103 may be a single mode 
fiber with its polarization direction adjusted to be parallel 
with that of light source 1101 . In this case, polarizing el- 
ement 1108 may be omitted so that detector 1109 will 
detect a decreasing light intensity with increasing stress 
applied to the sample. 

[0084] Alternatively, light from light source 1101 is 
transmitted though a circular polarizer 1 1 02b. Circularly 
polarized light is then introduced into the optical fiber 
and is guided to the stress optic material and reflected 
back by the sample plate. The polarization state of the 
light is altered due the stress induced in the stress-op- 
tical material by shear applied to the sample by the ac- 
tuating element. The reflected light having an altered po- 
larization state due to its interaction with the stress-optic 
material is partly transferred back through the circular 
polarizer 1102b. Hence detector 1109b (positioned be- 
side light source 1101) will detect a light intensity in re- 
sponse to the shear force prevailing in the stress-optic 
material. 

[0085] Alternatively, the linearly polarized light may be 
directed onto the stress-sensor material at an oblique 
angle. Some fraction of the light is transmitted through 
the sensor material and is then reflected from the sam- 
ple plate 1 1 05 to pass back through the stress-optic ma- 
terial, in this case, the optical fiber 1 1 03 may be omitted 
and some fraction of the reflected light is transmitted 
through the material-atmosphere interface and is inci- 
dent onto the appropriately-placed polarizing element 
1 1 08 and detector 1 1 09. 

[0086] In a further embodiment not shown in the Fig- 
ures, using single mode fiber optic the input fiber, the 
sensor material and the output fiber are combined into 
a single length of a single mode fiber optic. Applying a 
shear stress to a "sensor" section of this fiber optic ro- 
tates the polarization direction of the light passing 
through it due to the "stress optic" characteristics of the 
sensor section, as previously pointed out. The output 
section of this single mode fiber optic transmits only that 
portion of the light which has a polarization direction par- 
allel to that transmitted by the input section. Thus, the 
intensity of light exiting the output section decreases 
with increasing shear stress applied to the sample. 
[0087] Quantitative measurements may be facilitated 
by comparing the output of this single mode fiber optic 
to that transmitted by a second, unstressed length of a 
single mode fiber optic. 

[0088] Suitable polarizers which may be employed in 
some of the above-mentioned embodiments include 
sheets of polarizing films, polarizing mirrors, and the di- 
rection of an initially polarized light beam onto the sur- 



face of the stress-optic material at the brewster angle. 
For the detectors used in the several embodiments 
mentioned above, films, photomultipliers. avalanche 
photodiodes, conductive photocells and CCD cameras 

5 may be employed. 

[0089] The above-described embodiments of stress- 
optic sensors according to the present invention provide 
for ease of parallel data acquisition, immunity to elec- 
tromagnetic noise, and great robustness at low temper- 

io atures. 

[0090] With reference to Figure 12, an improved force 
sensor element is described which allows the simulta- 
neous measurement of a shear force and a normal 
force. 

15 [0091] In Figure 12. a recess portion 1201 is formed 
in a substrate 1202 comprising silicon or any other ap- 
propriate material such as silicon nitride or polyimide, 
etc., by standard micromachining manufacturing steps 
such as photolithography and etching. Within the re- 

20 cesses portion 1 201 . a rectangular plate 1 203 is formed 
which is tethered by four tethers 1204, 1205, 1206 and 
1207 to the substrate 1202. Each of the tethers 
1204-1207 comprises two regions that have piezo-re- 
sistive properties, which are shown as "N-doped" re- 

25 gions as indicated by "n" in the Figure. The tethers 1 204 
and 1 207 are electrically connected by a wiring line 1 208 
which, in turn, is electrically connected to contact pads 
1209 and 1210, respectively. Similarly, tethers 1205 and 
1206 are electrically connected by a wiring line 1211 

30 which, in turn : is electrically connected to contact pads 
1212 and 1213, respectively. Figure 12 is not to scale 
and the width of the tethers 1204-1207 is exaggerated 
in comparison with the side length of the plate 1203. In 
a preferred embodiment of the force sensor according 

35 to the present invention, the width of the tethers is about 
80 u.m and the side length of plate 1203 is in the range 
of one to several mm. The length of the tethers is about 
1 mm and the length of a single piezo-resistive area, i. 
e. of any N-doped regions in the surface layer of each 

^o tether, is about 300 urn 

[0092] As the skilled person will readily appreciate, 
the above dimensions may be varied in numerous man- 
ners so as to satisfy design and application require- 
ments. 

45 [0093] The force sensor according to the present in- 
vention is preferably manufactured as an array on a sil- 
icon substrate such as a lightly N-doped silicon wafer 
having a thickness of about 400 ujti by means of con- 
ventional semiconductor manufacturing procedures 

50 which are well-known to the person -skilled in the art. 
Hence, a detailed description of the various procedural 
steps in manufacturing the force sensor array will be 
omitted. 

[0094] In operation, an input voltage is applied to the 
55 contact pads 1209 and an output voltage is obtained at 
contact pad 1210 which represents the middle terminal 
of a piezo-resistive bridge formed by the respective N- 
doped regions of the tethers 1204 and 1207, respective- 
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ly. Similarly, an input voltage, possibly of the same 
amount as that applied to contact pads 1203. is applied 
to contact pads 1212 and an output voltage can be de- 
tected at contact pad 1213 which represents the middle 
terminal of a piezo-resistive bridge formed by the re- 
spective N-doped regions on the tethers 1 205 and 1 206. 
respectively. When a shear force is applied to the plate 
1203. i.e. a force which, in the configuration of Figure 
1 2, is substantially oriented in the plane of the plate 1 203 
and normal to the axes of the tethers 1204-1207, so as 
to cause a slight displacement of the plate 1 203, thereby 
generating a deformation of the tethers 1204 to 1207. 
The N-doped regions of tether 1207 are mirror-symmet- 
rically arranged with respect to a vertical middle axis of 
plate 1 203 so that the change in resistance of the tethers 
1204 and1207 will substantially cancel out each other. 
Accordingly, the voltage detected at contact pad 1210 
substantially remains unchanged. 
[0095] Contrary to this, on the tethers 1205 and 1206, 
N-doped regions are vertically arranged side by side so 
that upon application of a shear force, a maximum 
change of resistance in the doped regions of tether 1 205 
and 1206 will be obtained. Moreover, the doped regions 
on tether 1205 are inversely arranged to that of tether 
1 206 so that a maximum shift of the voltage detected at 
contact pad 1213 will occur. Accordingly, a shear force 
applied to the plate 1203 will provide a substantially un- 
changed output voltage on contact pad 1210, irrespec- 
tive of the magnitude of displacement of plate 1 203, and 
a maximallyshifted output voltage on contact pad 1213 
depending on the magnitude of displacement. Hence, 
tethers 1205 and 1206 act as a shear force sensor ele- 
ment. 

[0096] Similarly, when a force is applied to the plate 
1203 which is directed perpendicular to the drawing 
plane of Figure 1 2, the tethers 1 204-1 207 are deformed 
in such a way that the output voltage on contact pad 
1210 is maximally shifted depending on the magnitude 
of displacement of plate 1203 in the direction perpen- 
dicular to the drawing plane, whereas the output voltage 
detected at contact pad 1213 remains substantially un- 
changed, irrespective of the magnitude of the displace- 
ment. Accordingly, the tethers 1204 and 1207 act as a 
normal force sensor element. 

[0097] Although the force sensor which is able to si- 
multaneously detect a shear force and a normal force 
has been described with reference to the embodiment 
as shown in Figure 12, a variety of modifications may 
be performed still providing the same advantages as the 
embodiment described above. 

[0098] For example, although the shear and normal 
force sensor element has been described to comprise 
four tethers, each including four appropriately-doped re- 
sistive regions, it is not necessary to provide four tethers 
per sensor plate. In certain circumstances, it may be 
preferable to have merely one tether for the normal force 
sensor element, or the shear force sensor element, or 
both. In this case, a corresponding displacement of the 
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plate 1203 causes a deformation of the four-doped re- 
gions on each tether. When a shear force is applied, the 
deformation of the doped regions, which are arranged 
as shown, for example, on tether 1205 will lead to a 

5 change of resistance, which can be detected when a 
constant current is supplied to the tether. Similarly, a 
normal force applied to the tether will result in a change 
of resistance when the tether has an arrangement as 
shown with reference to tether 1204. 

10 [0099] Moreover, in order to provide a stiffer behavior 
of the sensor element in responding to the shear force, 
it may be advantageous to arrange the tethers and 
doped regions thereon in such a way that the shear force 
is applied in the longitudinal direction of the tethers. For 

'5 this case, tether 1207 of Figure 12 will be doped as is 
shown in the Figure and tether 1206 will be doped as 
tether 1204 of Figure 12, wherein contact pads 1209 and 
1212 are electrically connected so as to serve as a mid- 
dle terminal of the normal force resistant bridge. The 

20 shear force bridge formed of tethers 1204 and 1205 in- 
clude, respectively, at least one doped region, wherein 
contact pads 1 209 and 1212 are connected to serve as 
a shear force output. An input voltage common to the 
shear force sensor bridge and the normal force sensor 

25 bridge is applied at the contact pads 1210 and 1213. 
[0100] Furthermore, the geometric arrangement of 
the tethers and the plate may be adapted so as to ap- 
propriately detect a rotational displacement applied to 
the plate 1203. This may include an arrangement in 

30 which the sample plate 1203 is tethered to the support- 
ing substrate 1202 by diagonally-arranged tethers. 
Moreover, the plate 1203 may be formed in a circular 
shape and the tethers, provided in any appropriate 
number, may radially extend to the surrounding sub- 

35 strate. 

[0101] The preferred layout of N-doped piezo-resrstor 
regions shown in Figure 12 is preferably aligned along 
the direction of maximum tension and preferably along 
the direction of maximum change in piezo-resistance, 

40 to get maximum sensitivity. For the embodiment shown 
in Figure 12, the 100 direction is the direction of both 
maximum tension and maximum piezo-resistance 
change. Although the use of N-doped regions is shown, 
all N-doped regions may be replaced with P-doped re- 

45 gions. Also, the device alternatively may have different 
orientations of the piezo- resistor. For example, a P- 
doped piezoresistor would preferably be aligned along 
the 110 direction, at 45 degree to the direction of longi- 
tudinal forces for maximum sensitivity. In alternative em- 

50 bodiments for the Figure 12 embodiment of this inven- 
tion, the N-doped regions may be replaced with any suit- 
able piezo-resistive element, for -example, piezo-resis- 
tive metal wires or doped polycrystalline silicon. 
[0102] In order to achieve accurate measurement re- 

55 suits, preferably each sensor element is calibrated by 
applying a defined normal force and shear force and de- 
tecting the corresponding output voltages so as to de- 
termine the degree of mixture of these two force com- 



EP 1 178 298 A2 



12 



OMCfW-ifV ,CD 



23 



EP 1 178 298 A2 



24 



ponents for each sensor device. 

[0103] In an alternative embodiment, not shown in the 
figures, a device that has both piezo-resistive readout 
as well as capacitive electrodes to measure non-uniform 
forces acting on the plate may be used. In the preferred 
embodiment, four capacitive bond pad areas are placed 
at the four corners of the floating plate. Using both the 
piezo-resistor and the capacitive readouts, all the forces 
including the shear, the normal forces, and the rotational 
forces could be deconvolved. A skilled practitioner of the 
art can change the capacitor placement as well as 
change the capacitance area to maximize the device 
sensitivity. 

[0104] Since the sensor element according to the 
present invention is preferably manufactured as an ar- 
ray of sensor elements on an appropriate substrate, this 
sensor element is advantageously used in combination 
with a parallel rheometer as previously described. More- 
over, since these sensor elements may be produced in 
mass production at low cost, the sensor element may 
be designed as a disposable device so as to significantly 
facilitate sample preparation for a parallel rheometer. 
The inventive sensor element, however, may as well be 
used in combination with a single sample rheometer. 



Claims 

1. A miniature rheometer for analyzing a small quan- 
tity sample, comprising: 

a first plate and a second plate, forming a pair 
of plates having a known geometry for confining 
the sample between the plates, said sample 
having a volume of 200 microliters or less; 

an adjusting device for adjusting the separation 
of the plates; 

an actuating element mechanically coupled to 
the first plate, which produces a shear strain 
within the sample by generating a defined 
small-scale relative motion of the first and sec- 
ond plates; 

a sensing element which outputs a position sig- 
nal indicative for a displacement of at least one 
of the first and second plates ; and 

a feedback circuit for providing force rebalance 
of the force applied to the sample by the small- 
scale relative motion of the first and second 
plates on the basis of the position signal, 

wherein an amount of force rebalance is a measure 
for the shear stress within the sample. 

2. The miniature rheometer of claim 1 further compris- 



ing: 

a sensor-actuating element mechanically cou- 
pled to the second plate, which is driven by the 
5 feedback circuit to maintain the second plate at 

a predefined position. 

3. The miniature rheometer of claim 2. wherein the 
sensing element comprises a deformation-sensing 

io element mechanically coupled to the sensor-actu- 
ating element, the deformation-sensing element 
detecting a deformation of at least a portion of the 
sensor-actuating element to provide the position 
signal. 

15 

4. The miniature rheometer of claim 1, wherein the 
feedback circuit drives the actuating element so as 
to maintain a predefined relative displacement be- 
tween the first plate and the second plate. 

20 

5. The miniature rheometer of claim 4 ; wherein the 
second plate is maintained at a fixed position. 

6. The miniature rheometer of claim 5, wherein the 
25 sensing element comprises a deformation-sensing 

element coupled to the actuating element, which 
detects a deformation of at least a portion of the ac- 
tuating element to provide the position signal. 

30 7. The miniature rheometer of claim 1, wherein the ac- 
tuating element comprises a driving stage mechan- 
ically coupled to the first plate, the driving stage be- 
ing adapted to generate a small, translational, 
measurable displacement at a measurable rate. 

35 

8. The miniature rheometer of claim 1 , wherein the ac- 
tuating element 

comprises a piezo-electric actuator so as to 
40 produce the -small-scale relative motion. 

9. The miniature rheometer of claim 8, wherein the pi- 
ezo-electric actuator comprises 

45 a longitudinal metal foil on one surface of which 

at least one piezo-electric material layer is at- 
tached such that a voltage applied to the piezo- 
electric material layer leads to a deformation in 
a longitudinal direction with respect to the metal 

so foil. 

10. The miniature rheometer of claim 9, wherein the pi- 
ezo-electric actuator further includes at least one 
second piezo-electric material layer attached to a 

55 second surface opposite of said one surface of the 
metal foil, said at least one piezo-electric material 
layer and said second piezo-electric layer being 
electrically coupled such that the voltage applied to 
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the coupled piezo-electric material layer and the 
second piezo-electric material layer leads to a de- 
formation of the second piezo-electric material layer 
which is inverse to that of the piezo-electric material 
layer. 

11. The miniature rheometer of claim 8. wherein end 
portions of the piezo-electric actuator are clamped 
in place by a mechanical assembly. 

12. The miniature rheometer of claim 8, wherein the ac- 
tuator is attached to the first plate by a rigid, ther- 
mally-insulating support. 

13. The miniature rheometer of claim 12 : wherein the 
first plate is removeably attached to said support. 

14. The miniature rheometer of claim 1, wherein said 
first and second plates are disposable plates. 

15. The miniature rheometer of claim 1 , wherein the the 
second plateis supported by a rigid thermaily-insu- 
lating-support. 

16. The miniature rheometer of claim 15, wherein said 
second plate is removably attached to said support. 

17. The miniature rheometer of claim 2, wherein the 
sensor-actuating element comprises a piezo-elec- 
tric material layer attached to a mechanically- 
clamped metal foil, said sensor actuating element 
being adapted to produce a deformation of the met- 
al foil upon application of a voltage. 

18. The miniature rheometer of claim 1, further com- 
prising a memory storing a result of a force meas- 
urement. 

19. The miniature rheometer of claim 1, further com- 
prising a tool for removing excess sample material 
extending beyond the edges of the pair of plates. 

20. The miniature rheometer of claim 1 , further com- 
prising a signal processor processing a signal out- 
put by the feedback circuit. 

21. The miniature rheometer of claim 1, further com- 
prising a normal force measuring means which is 
adapted to determine a force exerted along a line 
joining centers of the plates when the plates are po- 
sitioned above one another. 

22. The miniature rheometer of claim 21, wherein the 
normal force measuring means comprises a piezo- 
electric actuator element. 

23. The miniature rheometer of claim 21, wherein the 
normal force measuring means is integrated in the 



sensing element so as to form a combined shear 
and normal force sensor. 

24. The miniature rheometer of claim 1 . wherein the ac- 
5 tuating element is adapted to generate a rotational 

displacement between the first and second plates. 

25. The miniature rheometer of claim 24. wherein the 
actuating element comprises a piezo-electric actu- 

io ator. 

26. The miniature rheometer of claim 25. wherein the 
piezo-electric actuator comprises an elongated 
metal foit with at least two piezo-electric plates 

15 mounted on a single surface of the metal foil such 
that a defined curvature of the metal foil is obtained 
when a predetermined voltage is applied to said at 
least two piezo-electric plates. 

20 27. The miniature rheometer of claim 26, wherein at 
least two further piezo-electric plates are mounted 
on the other surface of the metal foil so as to gen- 
erate the defined curvature when the predeter- 
mined voltage is applied to the at least two piezo- 

25 electric plates and the at least two further piezo- 
electric plates. 

28. The miniature rheometer of claim 27, further com- 
prising an elongated rigid, thermally-insulating sup- 

30 port, wherein the metal foil is attached to the sup- 
port, with a short axis of the metal foil parallel to a 
longitudinal axis of the elongated support, such that 
applying the voltage causes a rotational displace- 
ment of the metal foil around the short axis. 

35 

29. The miniature rheometer of claim 28, wherein the 
metal foil is attached to the elongated support by 
means of a narrow slot. 

40 30. The miniature rheometer of claim 24, wherein the 
sensing element comprises a torque sensor. 

31. The miniature rheometer of claim 30, wherein the 
torque sensor is coupled to the second plate by a 

45 rigid., thermally-insulating support. 

32. The miniature rheometer of claim 31 , wherein the 
torque sensor comprises a rigid shaft having at least 
two piezo-electric plates attached to a surface of the 

so shaft such that one end of each plate is tangential 
to the surface and the other end of each plate is 
tethered to a second rigid support. 

33. The miniature rheometer of claim 32. wherein the 
55 torque sensor further comprises a rotation-sensing 

element generating a signal upon rotation of the 
shaft. 
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34. The miniature rheometer of claim 33. wherein said 
rotation-sensing element is a piezo-electric plate, 
one end of the piezo-electric plate being tangential 
to the surface of the shaft, the other end being teth- 
ered to the second support. 5 

35. The miniature rheometer of claim 30. wherein the 
torque sensor comprises two or more metal foils 
having at least one piezo-electric plate attached 
thereto, one end of each metal foil mounted on a *o 
rigid shaft to thereby radially extend therefrom, the 
other end being attached to a rigid support, wherein 

a voltage applied to the piezo-electric plates pro- 
duces a torque parallel to the rigid shaft. 

15 

36. The miniature rheometer of claim 35, wherein the 
torque sensor comprises a rotation-sensing ele- 
ment for detecting a rotational motion around the 
shaft and outputting a signal in accordance with the 
rotational motion. 20 

37. The miniature rheometer of claim 36, wherein the 
rotation-sensing element is a piezo-electric element 

38. The miniature rheometer of claim 34 , wherein the 25 
voltage supplied to the piezo-electric plates is an 
indication of the shear in the sample. 

39. The miniature rheometer of claim 1 , wherein the 
sensing element comprises an encoder means 30 
which detects the relative displacement of the first 
and second plates. 

40. The miniature rheometer of claim 1 , further com- 
prising means for applying varying environmental 35 
conditions to the sample, wherein the environmen- 
tal conditions include at least one of temperature, 
pressure at a fixed gas composition, composition of 

a gas atmosphere, electric field, magnetic field, and 
time of application of one or more of the preceding *o 
quantities when adjusted to a predetermined value. 

41. An assembly of two or more miniature rheometers 
as defined in claim t, further comprising a control 
unit for controlling operation of the two or more min- 
iature rheometers. 

42. A parallel rheometer for simultaneously analyzing 
material characteristics of two or more samples, 
comprising: 50 

first and second plates respectively having re- 
gions for receiving and confining said two or 
more samples, the first and second plates be- 
ing moveable relatively to each other; 55 

an actuator adapted to move the first and sec- 
ond plates relative to each other for producing 



a shear strain within each sample; 

and at least one sensor associated with each 
region for simultaneously detecting shear 
stress within each sample. 

43. The parallel rheometer of claim 42, further compris- 
ing an environmental condition controller applying 
varying environmental conditions to the two or more 
samples. 

44. The parallel rheometer of claim 43, wherein the en- 
vironmental condition controller is adapted to vary 
at least one of temperature, pressure at a fixed gas 
composition, composition of a gas atmosphere, 
electric field, magnetic field, and time of application 
of one of the preceding quantities when adjusted to 
a predetermined value. 

45. The parallel rheometer of claim 43, wherein the en- 
vironmental condition controller is adapted to indi- 
vidually vary the environmental conditions of at 
least one of the samples. 

46. The parallel rheometer of claim 42, wherein the first 
and second plates comprise a shear plate and a 
fixed plate which are arranged in a parallel manner 
to each other and which are separated from each 
other by an adjustable distance. 

47. The parallel rheometer of claim 46, wherein at least 
the shear plate comprises a raised region of prede- 
termined dimension so as to confine a sample be- 
tween the shear plate and the fixed plate. 

48. The parallel rheometer of claim 46, comprising a 
translation stage coupled to the shear plate for mov- 
ing the shear plate linearly and in a parallel manner 
with respect to the fixed plate in accordance with a 
required type of motion. 

49. The parallel rheometer of claim 46, wherein the 
shear plate comprises two or more micromachined 
electrostatic drives, each micromachined electric 
drive corresponding to a sample. 

50. The parallel rheometer of claim 42, wherein the 
shear stress sensor comprises a micromachined 
silicon plate which is tethered to a surrounding sub- 
strate by at least two tethers, each having a prezo- 
resistive element responsive to a deformation of the 
tether. 

51 . The parallel rheometer of claim 50. further compris- 
ing signal-generating circuitry for generating a sig- 
nal proportional to the deformation of the tethers. 

52. The parallel rheometer of claim 42 wherein the 
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shear stress sensor comprises a stress-sensing 
material of a defined stress-optic coefficient indicat- 
ing one of birefringence and retardation of linearly 
polarized light passing the stress-sensing material, 
as a function of applied stress/unit path length. 5 

53. The parallel rheometer of claim 52. wherein polar- 
ized light is input into said stress-sensing material, 
and light having passed the stress-sensing material 
is guided through a polarizer means having a polar- 10 
ization direction different from and preferably per- 
pendicular to that of the input light. 

54. The parallel rheometer of claim 52. wherein the in- 
put light is polarized by a single mode input fiber. 1$ 

55. The parallel rheometer of claim 54 , wherein said 
stress-sensing material is a short portion of the sin- 
gle mode input fiber. 

20 

56. The parallel rheometer of claim 52, wherein a single 
mode fiber comprises a light input portion, a middle 
portion as the stress-sensing material, and a light 
output portion. 

25 

57. The rheometer of claim 52, wherein a surface of the 
stress-sensing material, which may be brought into 
contact with a sample is provided with a reflective 
layer, and the polarized light is directed to the 
stress-sensing material by an oblique angle with re- 30 
spect to the reflective layer whereby the polarizer 
means is positioned to receive light reflected by the 
reflective layer. 



58. The parallel rheometer of claim 52, further compris- 
ing a detector arranged so as to detect a signal out- 
put by the stress-sensing material. 

59. The parallel rheometer of clam 42, wherein the ac- 
tuator comprises an actuator element for each sam- 
ple which is symmetrical with respect to an axis nor- 
mal to a surface of the sample, wherein the actuator 
element is rotatable around said normal axis by a 
driving means. 

60. The parallel rheometer of claim 59, wherein the driv- 
ing means comprises a motor and an encoder for 
generating a rotational displacement of each of the 
actuator elements. 

61. The parallel rheometer of claim 42, wherein the at 
least one sensor comprises a normal force sensor 
detecting a force component which is perpendicular 
to a shear force. 

62. The parallel rheometer of claim 61 , wherein the nor- 
mal force sensor is provided in each region. 
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63. The parallel rheometer of claim 61 , wherein the nor- 
mal force sensor is integrated in a shear force sen- 
sor provided at each region. 

64. A rheometer. comprising: 

a pair of plates spaced apart from each other 
by a defined distance for receiving and confin- 
ing a sample therebetween, 

an adjusting means which adjusts the distance 
between the plates, 

a driving means coupled to at least one of the 
plates, which generates a relative motion be- 
tween the plates without changing the distance, 
and 

a shear stress sensor, the shear stress sensor 
comprising a stress-sensing material of a de- 
fined stress-optic coefficient indicating one of 
birefringence and retardation of linearly polar- 
ized light passing the stress-sensing material, 
as a function of applied stress/unit path length. 

65. The rheometer of claim 64, wherein polarized light 
is input into said stress-sensing material, and light 
having passed the stress-sensing material is guid- 
ed through a polarizer means having a polarization 
direction different from and preferably perpendicu- 
lar to that of the input light. 

66. The rheometer of claim 65, wherein the input light 
is polarized by a single mode input fiber 

35 

67. The rheometer of claim 66, wherein said stress- 
sensing material is a short portion of the single 
mode input fiber. 

*o 68. The rheometer of claim 64, wherein a single mode 
fiber comprises a light input portion, a middle por- 
tion as the stress-sensing material, and a light out- 
put portion. 

45 69. The rheometer of claim 64, wherein a surface of the 
stress-sensing material, which may be brought into 
contact with a sample is provided with a reflective 
layer, and the polarized light is directed to the 
stress-sensing material by an oblique angle with re- 

so spect to the reflective layer, whereby the polarizer 
means is positioned to receive light reflected by the 
reflective layer. 

70. The rheometer of claim 64, further comprising a de- 
55 tector arranged so as to detect a signal output by 

the stress-sensing material. 

71 . A sensor element for outputting a signal in response 
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to a mechanical deformation applied to the sensor 
element, comprising: 

a sample plate arranged within an opening of a 
substrate; 

at least two tethers, one end of each tether be- 
ing attached to the sample plate, the other end 
of each tether being attached to the substrate 
so as to support the sample plate: 



76. The sensor element of claim 71. wherein a length 
dimension of the sample plate is smaller than 5 mm. 

77. A sensor element array comprising a plurality of 
sensor elements as defined in claim 71 . formed on 
a common substrate. 
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a piezo-resistive portion in each of the tethers; 
and 



first and second electrically conductive lines 
formed on the tethers and the substrate, con- 
necting each piezo-resistive portion with first 
and second contact pads formed on the sub- 
strate, 

wherein the piezo-resistive portion of one of said at 
least two tethers is adapted to generate a maximum 
change of its internal resistance when a shear force 
is applied to the sample plate, and wherein the pi- 
ezo-resistive portion of the other one of said at least 
two tethers is adapted to generate a maximum 
change of its internal resistance when a force nor- 
mal to the sample plate is applied. 
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72. The sensor element of claim 71 , wherein at least 
four tethers are provided, respective two of said 
tethers forming a shear sensor portion having a first 
shear tether and a second shear tether, and a nor- 
mal force sensor portion having a first normal tether 
and a second normal tether, respectively. 
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73. The sensor element of claim 72, wherein each pie- 
zo-resistive portion comprises a doped semicon- 
ductor material. 

74. The sensor element of claim 73, wherein the first 
shear tether comprises the doped semiconductor 
material at least partially at a region of tension, and 
the said second shear tether comprises the doped 
semiconductor material at least partially at a region 
of contraction, when a shear force is applied in a 
predefined direction, wherein the doped semicon- 
ductor material is a piezo-resistive material. 
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75. The sensor element of claim 73, wherein the first 50 
norma! tether comprises the doped semiconductor 
material at least partially at a region of tension, and 
the second normal tether comprises the doped 
semiconductor material at least partially at a region 
of contraction, when a normal force is applied in a 55 
predefined normal direction, wherein the doped 
semiconductor material is a piezo-resistive materi- 
al. 
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FIG. 2c 



18 



EP 1 178 298 A2 




BNSDOCtD: <EP 117829EA2_1_> 




JNSDOCID <EP 1178298A2 I > 



EP 1 178 298 A2 





21 



EP 1 178 298 A2 



CO CD CNJ CNI 

o o o — o 

CM CN CNJ CNJ CNJ 




22 



